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Effect on Proteolytic Processing in cis and in trans by the 3C-like Protease
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Tomato ringspot nepovirus (ToRSV) encodes two polyproteins that are processed by a 3C-like protease at specific
cleavage sites. Analysis of ToRSV cleavage sites identified previously and in this study revealed that cleavage occurs at
conserved Q/(G or S) dipeptides. In addition, a Cys or Val is found in the 22 position. Amino acid substitutions were
introduced in the 26 to 11 positions of two ToRSV cleavage sites: the cleavage site between the protease and putative
RNA-dependent RNA polymerase, which is processed in cis, and the cleavage site at the N-terminus of the movement
protein, which is cleaved in trans. The effect of the mutations on proteolytic processing at these sites was tested using in
vitro translation systems. Substitution of conserved amino acids at the 22, 21, and 11 positions resulted in a significant
reduction in proteolytic processing at both cleavage sites. The effects of individual substitutions were stronger on the
cleavage site processed in trans than on the one processed in cis. The cleavage site specificity of the ToRSV protease is
discussed in comparison to that of related proteases. © 1999 Academic Press
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Nepoviruses have a bipartite genome, consisting of
wo molecules of positive-sense single-stranded RNA
RNA-1 and RNA-2) (Sanfac¸on, 1995; Mayo and Robin-
on, 1996). Each RNA encodes a polyprotein, which is
rocessed by a viral protease to release the mature
roteins. Nepoviruses have been divided into three sub-
roups (subgroups a, b, and c) (Mayo and Robinson,
996). Tomato ringspot nepovirus (ToRSV) is the only
ember of nepovirus subgroup c for which the entire
ucleotide sequence has been determined (Rott et al.,
991, 1995). The P1 polyprotein (encoded by RNA-1) con-
ains the domains for a putative RNA-dependent RNA
olymerase (Pol), a protease (Pro), the VPg protein, and
putative NTP-binding protein (Rott et al., 1995; Wang et
l., 1999). The P2 polyprotein (encoded by RNA-2) in-
ludes the domains for the coat protein (CP) and the
ovement protein (MP) (Rott et al., 1991; Wieczorek and
anfac¸on, 1993; Hans and Sanfac¸on, 1995). We have
reviously shown that the ToRSV protease is responsible
or cleavage between the MP and CP domains on P2
Hans and Sanfac¸on, 1995) and between the putative
TP-binding protein, VPg, Pro, and Pol domains on P1
Wang et al., 1999). The ToRSV protease is related to the
C-like proteases of picornaviruses, nepoviruses, como-
1 Present address: Institut Albert Bonniot, Domaine de la Merci,
niversite Joseph Fourier, 38706 La Tronche Cedex, France.
2 To whom reprint requests should be addressed. Fax: 250-494-0755.
a-mail: sanfaconh@em.agr.ca.
161iruses, and potyviruses (Gorbalenya et al., 1989). The
hree-dimensional structure of three picornavirus 3C-
roteases is similar to that of chymotrypsin (Allaire et al.,
994; Matthews et al., 1994; Mosimann et al., 1997), and
he catalytic triad consists of His, Glu (or Asp), and Cys.
he substrate binding pocket of 3C-like proteases from
icornaviruses, potyviruses, comoviruses, and ToRSV
ontains a His residue (Bazan and Fletterick, 1990),
hich was shown to interact with a conserved Gln in the
1 position of the cleavage sites (Allaire et al., 1994;
atthews et al., 1994; Mosimann et al., 1997). Proteases
f nepovirus subgroup a/b do not include this His and
ecognize different cleavage sites (Margis and Pinck,
992; Fig. 1).
The 3C-like proteases from picornaviruses, comovi-
uses, and potyviruses recognize cleavage sites with a
onsensus sequence of (21)(E or Q)/(G, S, or M)(11)
Bazan and Fletterick, 1990; Dewalt et al., 1989; Gorba-
enya et al., 1989; see Fig. 1). Amino acid residues other
han the amino acid pair at the cleaved peptide bond are
lso involved in the cleavage site specificity. Conserved
mino acids are found in the 26, 24, and 23 positions
f the tobacco etch potyvirus (TEV) cleavage sites, in the
4 position of several picornavirus cleavage sites, and
n the 24 and 22 positions of cowpea mosaic comovirus
CPMV) cleavage sites (see Fig. 1). Site-directed mu-
agenesis studies have confirmed the importance of
hese conserved amino acids for proteolytic processing
t the TEV, hepatitis A virus (HAV), human rhinovirus, and
oliovirus cleavage sites (Dougherty et al., 1988; Long et
l., 1989; Pallai et al., 1989; Cordingley et al., 1990; Blair
0042-6822/99 $30.00
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162 CARRIER, HANS, AND SANFAC¸ONnd Semler, 1991; Jewell et al., 1992). Four ToRSV cleav-
ge sites have been identified so far (Hans and Sanfa-
¸on, 1995; Wang et al., 1999). Cleavage occurred at Q/G
nd Q/S dipeptides, and a Cys or Val residue was found
t the 22 position (Wang et al., 1999; see Fig. 1). Other
mino acids did not appear to be conserved. Substitution
f the conserved Gln at the 21 position of the ToRSV
ro-Pol cleavage site with Ala prevented processing at
his site (Wang et al., 1999). The importance of conserved
mino acids on proteolytic processing of cleavage sites
rom nepoviruses and comoviruses has not been sys-
ematically studied.
In this report, a new cleavage site at the N-terminus of
he ToRSV movement protein (X-MP cleavage site) was
dentified that contained the conserved amino acids
dentified for other ToRSV cleavage sites. A site-directed
utagenesis study was conducted on two cleavage sites
o test the importance of amino acids from the 26 to the
1 position in determining a functional ToRSV cleavage
ite.
RESULTS
haracterization of the cleavage site between the
rotease and polymerase
As a first step toward the study of the cleavage site
FIG. 1. Comparison of cleavage sites from nepoviruses (subgroup
equences from the 26 to the 11 positions of nepovirus cleavage
epresentative related viruses. Only cleavage sites that have been con
ith the picorna-like dipeptide cleavage site consensus in the 11 and 2
f nepovirus cleavage sites are in italics. BLMV indicates blueberry
ssociated virus; ArMV, arabis mosaic virus; TBRV, tomato black rin
epovirus; GFLV, grapevine fanleaf virus; TRSV, tobacco ringspot virus
obacco etch virus; and TuMV, turnip mosaic virus.pecificity of the protease, proteolytic processing at the (ro-Pol cleavage site was characterized. The Pro-Pol
leavage site has been previously identified to be
1486/S (Wang et al., 1999). Cleavage at this site in vitro
as demonstrated using a precursor (VPg-Pro-N-Pol-II)
hat included the entire VPg and Pro domains and the
-terminal portion of the polymerase (Wang et al., 1999).
leavage of the VPg-Pro-N-Pol-II precursor released two
roducts: the VPg-Pro intermediate precursor and the
-Pol fragment, which was very unstable and often not
etectable. The VPg-Pro intermediate did not undergo
urther cleavage under the conditions used. To stabilize
he N-Pol fragment and to improve the quantification of
rocessing at the Pro-Pol cleavage site, a new plasmid
as constructed that contained the chloramphenicol
cetyl transferase (CAT) coding region fused in frame at
he C-terminal end of the polymerase fragment (plasmid
T7VPg-Pro-N-Pol-CAT; Fig. 2a). We have shown previ-
usly that the presence of the VPg protein on the pre-
ursor enhanced cleavage at the Pro-Pol site (Wang et
l., 1999). The VPg protein was therefore included on the
Pg-Pro-N-Pol-CAT precursor to ensure optimal process-
ng at the Pro-Pol site. As a control, a mutant derivative
as also constructed that contained a mutation in the
utative catalytic triad of the protease (plasmid pT7VPg-
ro-N-PolH1283D-CAT, His1283 mutated to Asp). This muta-
ion was previously shown to inactivate the protease
, and c), comoviruses, picornaviruses, and potyviruses. Amino acid
e compared with the consensus sequences of cleavage sites from
by direct amino acid sequencing are shown. Amino acids consistent
itions are underlined. Cys, Val, Leu, and Ile residues in the 22 position
ottle virus; CLRV, cherry leaf roll virus; BRAV, blackcurrant reversion
; GCMV, grapevine chrome mosaic virus; RRSV, raspberry ringspot
, cowpea mosaic virus; Polio, poliovirus; HAV, hepatitis A virus; TEV,s a, b
sites ar
firmed
1 pos
leaf m
g virus
; CPMVHans and Sanfac¸on, 1995; Wang et al., 1999). Translation
r
p
w
s
V
t
i
a
t
163MUTAGENESIS OF ToRSV CLEAVAGE SITESFIG. 2. Construction of the VPg-Pro-N-Pol-CAT precursor and proteolytic processing at the Pro-Pol cleavage site in vitro. (a) Schematic
epresentation of the cDNA clone encoding the VPg-Pro-N-Pol-CAT precursor. The entire P1 polyprotein is represented on the top of the figure, and
lasmid pT7VPg-Pro-N-Pol-CAT is shown below. The coding regions for the different ToRSV protein domains and for the CAT protein are shown along
ith the predicted molecular mass of each domain. The Pro-Pol cleavage site is indicated by the arrowhead. The predicted translation products are
hown before (58-kDa precursor) and after (30- and 28-kDa cleaved products) processing by the endogenous protease. (b) Processing of
Pg-Pro-N-Pol-CAT precursor in vitro. Processing was tested in precursors containing a wild-type protease (WT) or a protease mutated in the catalytic
riad (HD mutant) as described in Materials and Methods. The translation products were separated on a 12% SDS–polyacrylamide gel. The time of
ncubation of the different samples is indicated above each lane (hr indicates hours). The expected position of the precursor and cleaved products
re indicated on the left side of the gel. (c) Time course of processing of the VPg-Pro-N-Pol-CAT precursor to the 28-kDa product. The arrow indicateshe percent of conversion at the 15-min time point.
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164 CARRIER, HANS, AND SANFAC¸ONroducts were generated using a coupled transcription–
ranslation rabbit reticulocyte system in the presence of
35S]methionine (see Materials and Methods). Separa-
ion of the translation products on SDS–polyacrylamide
els allowed the visualization of a protein with an appar-
nt molecular mass of 58 kDa corresponding to the
xpected size for the VPg-Pro-N-Pol-CAT precursor (Fig.
b). The translation was arrested by the addition of
Nase A (see Materials and Methods), and the labeled
recursor was incubated at 20°C to allow proteolytic
rocessing. On incubation of the wild-type precursor, two
ew proteins were produced with apparent molecular
asses of 30 and 28 kDa corresponding to the expected
izes for the VPg-Pro and the Pol-CAT cleaved products
Fig. 2b, lanes 1–7). Polyclonal antibodies raised against
he VPg and monoclonal antibodies raised against the
rotease (Wang et al., 1999) could immunoprecipitate the
8-kDa precursor and the 30-kDa protein but not the
8-kDa protein, confirming that the 30-kDa protein is the
Pg-Pro cleaved product (data not shown). The 30- and
8-kDa proteins were not observed on incubation of the
recursor containing an inactive protease (Fig. 2b, lanes
–14), indicating that they were produced by proteolytic
leavage through the action of the endogenous protease
resent on the precursor. As shown previously for the
Pg-Pro-N-Pol precursor, cleavage at the VPg-Pro site
as not detected in the VPg-Pro-N-Pol-CAT precursor.
abeling of the 28-kDa protein was more intense than
hat of the 30-kDa protein due to the presence of a much
arger number of methionines in the 28-kDa protein.
roteolytic processing of the wild-type precursor at the
ro-Pol site was therefore quantified by measuring the
ercentage of the 58-kDa precursor converted to the
8-kDa cleaved product (see Materials and Methods).
imilar results were obtained by measuring the percent-
ge of the 58-kDa precursor converted to the 30-kDa
rotein (data not shown). The reaction rate remained
inear for ;30 min and reached a plateau after 2–4 h.
fter 4 h of incubation, 70–80% of the precursor was
onverted to the 28-kDa cleaved product (Figs. 2c and
a). Fifty percent of this maximum conversion occurred
fter ;15 min (Fig. 2c).
To determine whether processing at the Pro-Pol cleav-
ge site by the endogenous protease was predominantly
n cis or in trans, a dilution experiment was conducted.
he pT7VPg-Pro-N-Pol-CAT translation products were di-
uted in 0.1 M Tris–HCl, pH 8.0. The endogenous pro-
ease was able to process the Pro-Pol cleavage site at
n equivalent rate at all the dilutions tested (13, 103,
003; Fig. 3a), suggesting that proteolytic cleavage at
he Pro-Pol site was predominantly an intramolecular (in
is) event under the conditions tested. To confirm that the
ro-Pol cleavage site could not be processed by the
rotease in trans, mutated VPg-Pro-N-Pol-CAT precur-
ors containing inactive proteases were incubated in the
resence of exogenous ToRSV protease. The source of 3xogenous protease was purified recombinant protease,
hich was shown to be active on RNA-2-encoded cleav-
ge sites (see below). Two different precursors were
ested that contained a mutation in the catalytic triad
described above) and in the substrate-binding pocket
His1451 mutated to Leu) (Hans and Sanfac¸on, 1995). The
wo mutated precursors containing inactive proteases
id not undergo proteolytic processing (Fig. 3b, lanes 2
nd 4). This was consistent with our previous observa-
ions (Hans and Sanfac¸on, 1995; Wang et al., 1999). The
ddition of the exogenous protease to these precursors
id not result in any processing of the precursors (Fig.
FIG. 3. Intramolecular processing at the Pro-Pol cleavage site in
itro. (a) Time course of processing of the VPg-Pro-N-Pol-CAT precursor
o the 28-kDa product at different dilutions. After translation, the sam-
les were diluted as indicated in 0.1 M Tris–HCl, pH 8.0. (b) Analysis of
he processing of precursors containing a defective protease by an
xogenous protease. VPg-Pro-N-Pol-CAT precursors containing a wild-
ype (WT) or mutated protease (HD and HL) were incubated for 4 h after
ranslation in the presence (1Pro) or absence of recombinant protease
urified from E. coli (HL indicates protease mutated in the substrate-
inding pocket).b, lanes 3 and 5).
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165MUTAGENESIS OF ToRSV CLEAVAGE SITESdentification and characterization of the cleavage
ite at the N-terminus of the movement protein
To identify the cleavage site at the N-terminus of the
ovement protein, cDNA clone pT3X-MP was con-
tructed. This plasmid includes the coding region for the
-terminal portion of MP and the C-terminal portion of
he protein immediately upstream of MP (protein X) un-
er the control of the T3 RNA polymerase promoter (Fig.
a). In vitro translation of run-off transcripts derived from
his plasmid resulted in the production of small amounts
f a protein with an estimated molecular mass of 63 kDa,
hich corresponded to the expected size for the X-MP
recursor (Fig. 4b, lane 1). A predominant protein of ;43
Da was also observed (Fig. 4b, lane 1). Examination of
he sequence in the coding region of protein X revealed
he presence of one alternate AUG codon in an optimal
ontext for translation initiation according to the criteria
stablished by Kozak (1987). Initiation at this codon
ould result in the production of a precursor containing
region of protein X with an estimated size of 5 kDa
ollowed by the entire MP region (estimated size, 38 kDa)
Fig. 4a). Immunoprecipitation experiments with poly-
lonal antibodies raised against the C-terminal 31 kDa of
P (Fig. 4a) confirmed that both the 43- and 63-kDa
roteins contained this region of MP (data not shown).
To test for the presence of the X-MP cleavage site in
he 63- and 43-kDa precursors, exogenous ToRSV pro-
ease was added to the translation products of plasmid
T3X-MP. The source of protease was either purified
ecombinant ToRSV protease or cold translation prod-
cts obtained from plasmids pT7VPg-Pro-N-Pol-II or
T7VPg-Pro-N-Pol-CAT. On the addition of either pro-
ease, the amount of the predominant 43-kDa precursor
ecreased over time, whereas a new protein with an
stimated molecular mass of 38 kDa, which corre-
ponded to the expected size for the MP cleaved prod-
ct, was produced (Fig. 4b). The nature of the 38-kDa
rotein was confirmed by immunoprecipitation with poly-
lonal antibodies raised against the C-terminal half of
he movement protein (data not shown) and by micro-
equencing its N-terminus (see below). The large
mount of the 38-kDa protein produced indicated that it
as released mainly from the 43-kDa precursor. An ad-
itional protein with an estimated molecular mass of 25
Da was also occasionally detected in very low amounts
Fig. 5a, lane 2). The estimated size of this protein cor-
esponded to the expected size for the cleaved product
f the X protein (Fig. 4a). This protein was predicted to be
roduced from the 63-kDa precursor but not from the
3-kDa precursor; therefore, cleavage of the 63-kDa pre-
ursor was likely to contribute to a small extent to the
roduction of the 38-kDa product. For quantification of
he processing efficiency, the percentage of conversion
f the 63- and 43-kDa precursors to the 38-kDa product
as calculated as described in Materials and Methods. iery similar results were obtained when only the 43-kDa
recursor was included in the calculation (data not
hown). As expected from a cleavage site recognized in
rans, the efficiency of proteolytic processing was depen-
ent on the dilution of the exogenously supplied pro-
ease (data not shown). To allow meaningful comparison
f cleavage at the Pro-Pol and X-MP sites, the concen-
ration of protease added to the X-MP precursor was
djusted to obtain kinetics similar to those observed for
he cis cleavage in the VPg-Pro-N-Pol-CAT precursor
Fig. 4c). Under those conditions, the reaction rate re-
ained linear for ;30 min with a maximum of conversion
f the precursors to the product of ;85%. Similar to the
Pg-Pro-N-Pol-CAT cleavage kinetics, half of this maxi-
um conversion occurred after ;15 min (Fig. 4c).
On examination of the amino acid sequence in the
egion N-terminal of the movement protein, two potential
leavage sites were predicted: Q907/S and Q934/S. Mu-
ants of pT3X-MP were obtained in which the glutamine
as deleted from each of these potential cleavage sites
pT3X-MPDQ907 and pT3X-MPDQ934). When protease pu-
ified from Escherichia coli was added to the pT3X-
PDQ907 mutant translation products, processing of the
3- and 43-kDa precursors into the 25- and 38-kDa
leaved products was observed (Fig. 5a, lanes 3 and 4).
owever, when the purified protease was added to the
T3X-MPDQ934 mutant translation products, processing
f the 63- or 43-kDa precursors was not detected (Fig. 5a,
anes 5 and 6). This suggested that Q934/S was the X-MP
leavage site. To further confirm the nature of the cleav-
ge site, translation of the wild-type clone pT3X-MP was
erformed in the presence of [3H]leucine and then re-
ombinant protease was added and the 38-kDa cleaved
roduct was eluted from the SDS–polyacrylamide gel
nd subjected to Edman degradation. The presence of
wo peaks of radioactivity at amino acid positions 3 and
is consistent with S935 being the first amino acid of the
8-kDa cleaved product (Fig. 5b).
ite-directed mutagenesis of the Pro-Pol cleavage
ite
Comparison of ToRSV cleavage sites suggest that
mino acids at the 22, 21, and 11 positions are con-
erved (see Fig. 1). Furthermore, amino acids in the 26
o 11 positions are conserved in the cleavage sites of
any related viruses (see Fig. 1). To determine whether
mino acids in the vicinity of the X-MP and Pro-Pol
leavage sites were required to define the ToRSV cleav-
ge sites, amino acid substitutions in the 26 to 11
ositions were introduced into the VPg-Pro-N-Pol-CAT
nd X-MP precursors. The substitutions tested were ei-
her conservative changes (e.g., Ser to Thr) or drastic
hanges (e.g., Ser to Phe). Ala was also introduced in
ach position. In addition, specific amino acids werentroduced that were found in cleavage sites from other
n
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166 CARRIER, HANS, AND SANFAC¸ONepoviruses, from comoviruses or from picornaviruses
e.g., Glu, Asn, Lys, and Arg in the 21 position and Gly
FIG. 4. Construction of the X-MP precursor and proteolytic processing a
ncoding the X-MP precursor. The entire P2 polyprotein is shown at the to
ifferent ToRSV protein domains are shown along with the predicted mole
leavage site is indicated by the arrowhead. Two AUG codons are show
recursor through internal initiation. The rectangles shown above the MP d
olyclonal antibodies were raised (MP Abs). The predicted translation prod
leaved products) processing by the exogenously supplied ToRSV protea
oRSV protease purified from E. coli (lanes 1–7) or produced in vitro (lanes 8
he time of incubation of the different samples is indicated above each l
roducts is indicated on the left side of the gel. (c) Time course of processi
rom E. coli. The arrow indicates the percentage of conversion at the 15-mnd Met in the 11 position) (Fig. 1). Time course exper- pments were performed on each mutant as described
bove. Kinetic analysis of each mutant was performed in
MP cleavage site in vitro. (a) Schematic representation of the cDNA clone
figure and plasmid PT3X-MP is shown below. The coding regions for the
ass of each domain (X indicates protein of unknown function). The X-MP
second of which may be responsible for the production of the 43-kDa
in the P2 and X-MP precursors represent the region of MP against which
e shown before (63- and 43-kDa precursor) and after (38-, 25-, and 5-kDa
Processing of the X-MP precursor in vitro. Processing was tested using
he translation products were separated on 12% SDS–polyacrylamide gels.
indicates hours). The expected position for the precursors and cleaved
e X-MP precursor to the 38-kDa product by recombinant protease purified
point.t the X-
p of the
cular m
n, the
omains
ucts ar
se. (b)
–14). T
ane (hr
ng of tharallel with the corresponding wild-type precursor at
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167MUTAGENESIS OF ToRSV CLEAVAGE SITESeast three times, and a representative experiment is
hown. Processing efficiency of the mutated cleavage
ites was compared with that of the wild-type at the
5-min time point. As mentioned above, at this time, the
ates of processing of the wild-type X-MP and VPg-Pro-
-Pol-CAT precursors at the X-MP and Pro-Pol cleavage
FIG. 5. Identification of the X-MP cleavage site. (a) Effect of mutatio
roducts from the wild-type X-MP precursor (WT) or from two mutant d
907/S (DQ907) and Q934/S (DQ934) cleavage sites, were incubated in the
roducts were separated using 12% SDS–PAGE. (b) N-terminal microseq
aturation of the wild-type X-MP precursor with ToRSV protease. The a
dman degradation procedure is shown in cpm. The amino acid seque
oRSV polyprotein starting at S935 located immediately downstream ofites were linear. sKinetics of processing of the Pro-Pol cleavage site
or each individual mutant are shown in Fig. 6a. Rela-
ive efficiency of processing of the mutant cleavage
ites compared with that of the wild-type cleavage site
t the 15-min time point is shown in Fig. 7a. Substitu-
ion of Ser at the 11 position of the Pro-Pol cleavage
redicted cleavage sites on proteolytic processing in vitro. Translation
es, including a deletion of the Gln at the 21 position in the predicted
ce (1) or absence (2) of purified recombinant protease. The translation
g of the [3H]leucine-labeled 38-kDa cleaved product released from the
of radioactivity measured in the fractions collected at each cycle of the
wn below the graphic corresponds to the amino acid sequence of the
tative Q934/S cleavage site.ns of p
erivativ
presen
uencin
mount
nce sho
the puite had a variable effect on processing efficiency.
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169MUTAGENESIS OF ToRSV CLEAVAGE SITESubstitutions with Gly, Ala, or Thr did not appear to
nfluence the kinetics of proteolytic processing. In con-
rast, substitution with Met, Phe, or Glu resulted in a
ignificant reduction in proteolytic processing. After a
5-min incubation, processing of precursors with an
ntroduced Met and Phe at the 11 position was ;30%
nd 20% that of the wild-type precursor, respectively.
ery little processing (if any) was detected for the Glu
FIG. 6. Kinetics of proteolytic processing at mutated ToRSV cleavag
leavage site in vitro. Time course of the conversion of VPg-Pro-N-Pol-
FIG. 7. Relative processing efficiency of mutated ToRSV cleavage s
ro-Pol cleavage site mutations by the ToRSV protease. Relative proce
rocessing efficiency of the wild-type precursor, is shown for each m
utations by the ToRSV protease. Processing efficiency is expressedroteolytic processing of the X-MP cleavage site. Time course of the conversutant. Mutation of Gln at the 21 position by substi-
uting any of the amino acids tested (Asn, Glu, Lys, Ala,
nd Arg) resulted in a significant reduction in proteo-
ytic processing. After a 15-min incubation, processing
fficiency was ;30%, 10%, and 10% of that of the
ild-type for the Lys, Glu, and Asn mutants, respec-
ively. Very little processing (if any) was detected for
he Ala and Arg mutants. Substitution of Cys at the 22
. (a) Effect of mutations on the proteolytic processing of the Pro-Pol
ecursor to the 28-kDa product is shown. (b) Effect of mutations on the
the 15-min time point. (a) Comparative analysis of cis processing of
efficiency at the 15-min time point, expressed as a percentage of the
(b) Comparative analysis of trans processing of X-MP cleavage site
.e sites
CAT prites at
ssing
utant.
as in aion of the 63- and 43-kDa precursors to the 38-kDa product is shown.
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170 CARRIER, HANS, AND SANFAC¸ONosition had a range of effects on proteolytic process-
ng that depended on the nature of the amino acid
ntroduced. Substitutions with the aliphatic amino ac-
ds Val, Leu, or Ile resulted in kinetics that showed
ittle or no reduction in cleavage efficiency compared
ith the wild type. Substitution with Ala and Phe re-
ulted in kinetics that showed a lower level of proteo-
ytic processing than with the other aliphatic amino
cids. After a 15-min incubation, processing efficiency
f precursors containing a substitution with Ala and
he was ;50% and 20% that of the wild-type precur-
or, respectively. Processing was very inefficient (or
bsent) in the mutated cleavage site in which Gly was
ntroduced at the 22 position. Amino acid substitution
f Ala at the 24 position did show some effect on
rocessing efficiency depending on the specific mu-
ant tested. Replacement of the Ala with Ser resulted
n kinetics that were very similar to that of the wild
ype. However, when Thr or Phe was introduced at that
osition, cleavage at the Pro-Pol site was less effi-
ient. After 15 min, relative processing efficiency of the
hr and Phe mutants was 30–40% of that of the wild
ype (Fig. 4c). Introduced changes in the 23 and 25
ositions did not seem to have much effect on the
bility of the protease to process the Pro-Pol cleavage
ite in vitro. Substitution of Pro at the 23 position with
la, Asp, and Ser resulted in processing kinetics that
ere similar to those of the wild-type cleavage site.
imilarly, replacement of the Phe at the 25 position by
la, Ser, or Arg did not seem to affect the efficiency of
rocessing. Mutation of the Ser at the 26 position did
ot have a negative effect on the ability of the protease
o process the Pro-Pol cleavage site in vitro. The
ntroduction of Arg or Ala in this position resulted in
inetics that were similar to those of the wild type (Fig.
a). Substitution with Thr resulted in kinetics that
howed a level of proteolytic processing that was
igher than that of the wild type. Indeed, processing
fficiency was ;160% that of the wild-type precursor
fter 15 min.
The VPg-Pro-N-Pol-CAT precursor used in the above
xperiments included an in-frame fusion to the CAT pro-
ein. To verify that the presence of this protein on the
recursor did not alter recognition of the cleavage sites,
everal of the amino acid substitutions discussed above
ere introduced in the cDNA clone pT7VPg-Pro-N-Pol-II.
esults from time course experiments of these mutated
recursors were similar to those obtained for the corre-
ponding mutated VPg-Pro-N-Pol-CAT precursor (data
ot shown). Finally, to verify that substitution of amino
cids at the Pro-Pol cleavage site did not affect the
atalytic activity of the protease itself, several mutants
ere tested for their ability to cleave the X-MP cleavage
ite in trans. Cold translations of amino acid substitu-
ions at the 21 position, which resulted in loss of cleav-
ge at the Pro-Pol site, were incubated in the presence of vhe X-MP precursor. Processing at the X-MP cleavage
ite was comparable to that obtained from incubation of
he X-MP precursor with the cold translation products
rom the wild-type pT7VPg-Pro-N-Pol-CAT plasmid (data
ot shown). Taken together, these results suggested that
mino acids at positions 22, 21, and 11 and possibly
4 and 26 played an important role in the efficiency of
rocessing of the Pro-Pol cleavage site by the ToRSV
rotease.
ite-directed mutagenesis of the X-MP cleavage site
The effects of point mutations on the X-MP cleavage
ite are shown in Figs. 6b and 7b, as described above.
he results shown were obtained from incubation of the
T3X-MP precursor containing mutated cleavage sites
ith purified recombinant ToRSV protease. Similar re-
ults were observed from incubation of several repre-
entative mutants with ToRSV protease produced in the
abbit reticulocyte system (cold in vitro translation prod-
cts of wild-type pT7VPg-Pro-N-Pol-II or pT7VPg-Pro-N-
ol-CAT plasmids; data not shown).
Introduced changes at the 11 position had various
ffects on the ability of the protease to process the X-MP
leavage site in vitro. Only Ser (the wild-type amino acid),
ly, or Ala was tolerated at this position. After a 15-min
ncubation, processing efficiency was ;120% and 80%
hat of the wild-type for the Gly and Ala mutants, respec-
ively. Processing was not detected in mutants that in-
luded a Met, Phe, Thr, or Glu at the 11 position. Re-
lacement of Gln at the 21 position by any of the amino
cids tested (Asn, Glu, Lys, Ala, or Arg) resulted in un-
etectable processing at the cleavage site. Several
mino acid substitutions at the 22 position showed a
ramatic effect on processing efficiency. Of the amino
cids tested, only Cys (wild type), Ala, or Val resulted in
fficient processing at the X-MP site. After a 15-min
ncubation, processing efficiency was ;130% and 160%
hat of the wild-type for the Ala and Val mutants, respec-
ively. The introduction of Ile or Leu resulted in de-
reased cleavage at the X-MP site. After 15 min, relative
rocessing efficiency compared with the wild type was
50% for the Ile and Leu mutants. Replacement of Cys
y other amino acids (Arg, Phe, or Gly) prevented pro-
essing at the cleavage sites. The effect of mutations at
he 24 position varied with the specific amino acid
ntroduced. Replacement of Ser at the 24 position with
hr or Ala resulted in reduced processing efficiency.
fter 15 min, processing efficiency was ;80% and 50% of
he wild type for the Thr and Ala mutant, respectively. The
ntroduction of Phe at this position resulted in a drastic
eduction of proteolytic processing (processing was not
etectable). Amino acid substitutions in the 23, 25, and
6 positions did not have a dramatic effect on the ability
f the protease to process the X-MP cleavage site in
itro. The substitution of Asp at the 23 position with Pro,
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171MUTAGENESIS OF ToRSV CLEAVAGE SITESer, or Ala resulted in kinetics that showed similar levels
f proteolytic processing to those of the wild-type cleav-
ge site. The substitution of Arg at the 25 position with
he or Ala only slightly influenced processing efficiency.
he introduction of Ser at this position resulted in a small
eduction in proteolytic processing (processing effi-
iency was ;70% that of the wild type after 15 min).
eplacement of Thr at the 26 position with Ala, Ser, or
rg did not influence the efficiency of processing at the
leavage site. Taken together, these results suggest that
mino acids at positions 22, 21, 11, and possibly 24
lay a critical role in the ability of the protease to cleave
he X-MP cleavage site.
DISCUSSION
The results of the site-directed mutagenesis experi-
ents presented in this study provide direct evidence for
he importance of conserved amino acids at the 22, 21,
nd 11 positions of ToRSV cleavage sites. Indeed, in
oth cleavage sites analyzed, mutations introduced at
hese positions were found to have the most pronounced
ffect on cleavage efficiency. Several features of the
oRSV cleavage sites defined here were also found in
hose of the related picornaviruses and potyviruses. Pre-
ious studies on TEV and HAV cleavage sites have
hown that similar to the ToRSV cleavage sites, the 21
osition was the most sensitive to amino acid substitu-
ions (Dougherty et al., 1988; Jewell et al., 1992). In ToRSV,
he substitution of Gln at the 21 position with Glu or Asn
llowed some processing of the Pro-Pol cleavage site.
nterestingly, these amino acids are present in the 21
osition of other picorna-like cleavage sites: Glu is found
n picornavirus cleavage sites (rhinovirus and HAV), and
sn is found in one subgroup c nepovirus cleavage site
blueberry leaf mottle virus) (Fig. 1). Although require-
ents for specific amino acids were less stringent at the
1 position, substitution with Met resulted in a dramatic
ecrease of proteolytic processing for both ToRSV cleav-
ge sites. This amino acid is present in the cleavage
ites of a comovirus (CPMV) (Wellink et al., 1986). These
esults suggest that the ToRSV protease prefers a small
mino acid, such as Gly, Ser, or Ala, at the 11 position,
hereas the CPMV protease can accommodate a larger
esidue at this position.
In ToRSV, the 22 position was defined as an important
eterminant of the X-MP and Pro-Pol cleavage sites. The
rotease had a preference for Cys or for an aliphatic
mino acid, such as Val or Ala, at this position. A Cys or
al is found at the 22 position in cleavage sites of other
ubgroup c nepoviruses and of some subgroup a and b
epoviruses, whereas a conserved Ala or Pro is found
he 22 position of CPMV (Fig. 1). Conserved amino acids
t the 22 position were also found in turnip mosaic virus
a potyvirus) (Fig. 1). Therefore, requirements for specific
mino acids at the 22 position may not be unique to the toRSV cleavage sites. In contrast, in TEV, HAV, and po-
iovirus, specific amino acids were not conserved at the
2 position (Dougherty et al., 1988; Blair and Semler,
991), and substitutions at the 22 position of the HAV
leavage site did not alter processing efficiency (Jewell
t al., 1992). The cleavage sites of picornaviruses, poty-
iruses, and comoviruses contain a small aliphatic
mino acid at the 24 position (Fig. 1), which is critical in
efining a functional cleavage site in poliovirus, human
hinovirus, and TEV (Pallai et al., 1989; Cordingley et al.,
990; Blair and Semler, 1991; Dougherty et al., 1988). In
ontrast, ToRSV cleavage sites did not contain a con-
erved amino acid in the 24 position, and mutagenesis
f this position resulted in modest changes in the pro-
essing efficiency, with the exception of substitution of
he Ser at the 24 position of the X-MP cleavage site with
he, which resulted in a loss of proteolytic processing.
his loss of processing might have been the result of a
evere conformation change. Although only a limited
umber of mutations have been tested at the 24 posi-
ion, our results suggest that the presence of specific
mino acids at the 24 position may modulate process-
ng efficiency at the cleavage site but may not be a
rimary determinant in the definition of the cleavage
ites.
We have shown that the presence of a Q/(G or S)
ipeptide combined with a Cys or Val at the 22 position
re important substrate determinants for the ToRSV pro-
ease. However, at least one cleavage site that met these
equirements was not cleaved by the protease. In our in
itro assay, tripeptide VQ907/S present on the X-MP pre-
ursor was not recognized by the ToRSV protease either
n a wild-type precursor or in a precursor in which the
934/S cleavage site was deleted. This suggests that
ther factors, such as secondary structures, are likely to
e important for the definition of ToRSV cleavage sites,
s shown by Ypma-Wong et al. (1988) for the poliovirus
leavage sites. Although processing at the Q907/S dipep-
ide was not detected in vitro, we cannot exclude the
ossibility that it may be processed in vivo in the entire
2 polyprotein, which may present a different secondary
tructure around this site. This may provide an explana-
ion for our previous observation that two closely migrat-
ng species of the movement protein are detected on
DS–PAGE analysis of extracts of ToRSV-infected proto-
lasts (Sanfac¸on et al., 1995).
Under the experimental conditions used, processing
t the Pro-Pol cleavage site was predominantly an in-
ramolecular event in vitro. Similarly, the Pro-Pol cleav-
ge sites of several related viruses are also cleaved in
is (Palmenberg and Rueckert, 1982; Hanecak et al.,
984; Hemmer et al., 1995; Margis et al., 1994; Carrington
nd Dougherty, 1987). In poliovirus, although the cleav-
ge is predominantly a cis event early in infection when
he concentration of the protease is low, it can become a
rans event late in infection (Palmenberg and Rueckert,
1
t
t
t
l
s
s
e
s
i
c
p
a
t
n
s
1
w
s
a
m
t
C
c
a
t
c
a
s
r
a
(
e
p
u
p
e
r
l
s
w
D
a
t
P
M
f
M
b
T
p
p
i
s
p
P
w
i
A
K
s
f
i
P
p
P
B
n
f
1
t
o
a
a
M
f
t
p
t
f
t
S
w
t
u
(
t
c
t
t
n
K
a
P
s
u
I
p
172 CARRIER, HANS, AND SANFAC¸ON982; Hanecak et al., 1984). Although we could not detect
rans-cleavage in vitro, we cannot exclude the possibility
hat it could occur at higher concentrations of the pro-
ease. In addition, trans cleavage may be observed in
arger protease precursors not tested in this study.
The results presented here show that amino acid sub-
titutions were more tolerated at the Pro-Pol cleavage
ite than at the X-MP cleavage site. This was most
vident in the 21 position. In the X-MP cleavage site, any
ubstitution appeared to eliminate proteolytic process-
ng, whereas several substitutions resulted in some
leavage at the Pro-Pol site. These results raise the
ossibility that the requirements for specific amino acids
re more stringent at cleavage sites recognized in trans
han in cis. Analysis of other cleavage sites would be
ecessary to confirm this suggestion. Similar to our re-
ults, the flavivirus NS3 protease (Bartenschlager et al.,
995) and the poliovirus 2A protease (Hellen et al., 1992)
ere reported to have more stringent requirements for
pecific amino acids at trans-cleavage sites rather than
t cis-cleavage sites. To our knowledge, substrate deter-
inants for cis and trans cleavage have not been sys-
ematically compared for other 3C-like proteases. In
PMV, mutation of the Gln/Ser dipeptide to His/Met at a
is-cleavage site resulted in efficient cleavage (Peters et
l., 1992). In contrast, mutation of the 11 position in a
rans-cleavage site resulted in drastic reduction of pro-
essing (Vos et al., 1988). Although the effects of equiv-
lent mutations were not compared in both cleavage
ites, these results suggest that similar to our results, the
equirement for specific amino acids are less stringent at
cis-cleavage site than at a trans-cleavage site in CPMV
Goldbach and Wellink, 1996).
The results presented in this study are useful for
stablishing the cleavage site specificity of the ToRSV
rotease; however, there are limitations in the system
sed. First, cleavage sites were characterized in partial
olyproteins rather than in the entire RNA1- or RNA2-
ncoded polyproteins. Second, we only looked at the
ates of proteolytic processing in vitro. Despite these
imitations, it is noteworthy that the requirements for
pecific amino acids at the 22, 21, and 11 position
ere similar in the two ToRSV cleavage sites studied.
efinition of the effect of cleavage site mutations on virus
mplification in vivo will await the construction of infec-
ious transcripts.
MATERIALS AND METHODS
lasmid constructions
To construct plasmid pT3X-MP, the 1674-bp EcoRV-
luI fragment (ToRSV RNA2 nucleotides 2258–3932)
rom pMR14 (Rott et al., 1991) was ligated into the SmaI–
luI sites of the polylinker of plasmid pMTL23 (Cham-
ers et al., 1988). This allowed an in-frame fusion of the
oRSV-derived reading frame with an AUG codon iresent on the NcoI site of the polylinker from plasmid
MTL23. A XhoI–EcoRV fragment was obtained from this
ntermediate plasmid and ligated into the corresponding
ites of plasmid pKS(1) (Stratagene, La Jolla, CA).
To construct plasmids pT7VPg-Pro-N-Pol-CAT,
T7VPg-ProH1283D-N-Pol-CAT, and pT7VPg-ProH1451L-N-
ol-CAT, a fragment containing the CAT coding region
as amplified from plasmid pCaMVCN (Pharmacia) us-
ng oligonucleotides KC-53 (59-TTGAAAAGCTTGAGAAA-
AAATCACTGGATAT-39, HindIII site underlined) and
C-54 (59-TATATCTCGAGAAATTACGCCCCGCCC-39, XhoI
ite underlined) and Pfu polymerase (Stratagene). This
ragment was digested with HindIII and XhoI and ligated
nto the corresponding sites of plasmids pT7VPg-Pro-N-
ol-II, pT7VPg-ProH1283D-N-Pol-II (Wang et al., 1999), and
T7VPg-ProH1451L-N-Pol-II. Plasmid pT7VPg-ProH1451L-N-
ol-II was constructed by ligating the 417-nucleotide
amHI–EcoRI fragment from clone pMR10 (ToRSV RNA1
ucleotides 4436–4852) with the large BamHI–EcoRI
ragment of plasmid pT7ProH1451L (Hans and Sanfac¸on,
995).
Plasmid pETMP was created to allow the production of
he MP-His fusion protein containing the C-terminal part
f the movement protein in E. coli. This protein was used
s an antigen for the preparation of polyclonal antibodies
gainst the movement protein (see below). Plasmid pET-
PCAT was first constructed by inserting the SacI–SalI
ragment of pT7MPCAT (Hans and Sanfac¸on, 1995) into
he SacI–XhoI sites of the polylinker from plasmid
ET21b (Novagen, Madison, WI). Plasmid pETMP was
hen obtained by subcloning the 792-nucleotide EcoRI
ragment from plasmid pET-MPCAT into the EcoRI site of
he polylinker from plasmid pET21b.
ite-directed mutagenesis
Mutations of the Pro-Pol and X-MP cleavage sites
ere introduced by mutating the corresponding codon in
he cDNA clones pT3X-MP and pT7VPg-Pro-N-Pol-CAT,
sing the Quickchange site-directed mutagenesis kit
PDI Bioscience). Mutagenic primers, corresponding to
he region of the ToRSV cleavage site, were 27–32 nu-
leotides in length and contained one- or two-point mu-
ations in the middle of the sequence. The presence of
he mutations was verified by DNA sequencing. Oligo-
ucleotides KC-9 (59-CGTCTGCCCCAGTACAGT-39) and
C-89 (59-GAAGGTGGTTACAAAATCATA-39) were used
s sequencing primers for the pT3X-MP and pT7VPg-
ro-N-Pol-CAT cleavage site mutants, respectively. The
equencing primers bound to a region ;150 nucleotides
pstream of the cleavage site.
n vitro translation and proteolytic processing
In vitro expression of the wild-type and mutated
T7VPg-Pro-N-Pol-CAT cDNA clones was performed us-ng a TNT coupled transcription/translation system (Pro-
m
w
a
t
t
l
o
t
d
p
m
(
t
l
a
a
p
t
o
c
(
t
t
c
a
b
e
s
e
t
a
p
P
m
Q
t
e
c
(
S
v
w
a
p
v
p
a
k
6
u
N
r
p
i
p
t
T
s
P
C
i
p
M
w
p
n
n
a
p
l
I
l
(
t
o
p
M
a
e
o
q
R
t
N
A
B
B
B
B
173MUTAGENESIS OF ToRSV CLEAVAGE SITESega, Madison, WI). Translation products were labeled
ith [35S]methionine for 30 min at 30°C. Translation was
rrested by adding 5 units of RNase A (Promega). The
ranslation products were further incubated at 20°C in
he presence of 0.1 M Tris–HCl, pH 8.0, to allow proteo-
ytic processing. Reactions were stopped by the addition
f 23 protein sample buffer (Laemmli, 1970). For pro-
ease dilution experiments, the translation products were
iluted using 0.1 M Tris–HCl, pH 8.0.
Run-off transcripts were synthesized from linearized
T3X-MP plasmids using bacteriophage T3 RNA poly-
erase (GIBCO BRL) essentially as described previously
Hans and Sanfac¸on,1995). In vitro translation of these
ranscripts was performed using a rabbit reticulocyte
ysate system (Promega) as described previously (Hans
nd Sanfac¸on, 1995). The reactions were stopped by the
ddition of 5 units of RNase A (Promega). To allow
rocessing of the translation products, exogenous pro-
ease was added to the translation mixture. The source
f added protease was either cold translation products of
lones pT7VPg-Pro-N-Pol-II or pT7VPg-Pro-N-Pol-CAT
translations were performed as described above but in
he presence of cold methionine) or recombinant pro-
ease purified from E. coli (see below). Proteolytic pro-
essing was allowed to proceed by incubation at 20°C
nd then stopped by the addition of 23 protein sample
uffer.
Recombinant active protease was purified from the
xpression products of plasmid pET15bVPgPro-N-Pol es-
entially as described previously (Wang et al., 1999). On
xpression, the protease was insoluble. Solubilization of
he protease from the purified inclusion bodies with urea
nd renaturation of the protease by gradual dialysis were
erformed as described previously (Wang et al., 1999).
urified protease was stored in 50 mM Tris–HCl, pH 8, 1
M DTT, and 10% glycerol at 270°C.
uantification of the processing reaction
To measure the amount of proteolytic processing at
he wild-type and mutant cleavage sites, time course
xperiments were conducted. The precursors and
leaved products were separated using SDS–PAGE
Laemmli, 1970), and the gels were scanned using a
torm PhosphorImager (Molecular Dynamics, Sunny-
ale, CA). The amount of radioactivity in individual bands
as measured using ImageQuant. The cpm values were
djusted for the number of methionines present in each
rotein, and the percentage of precursor that was con-
erted to cleaved product was calculated at each time
oint. This percentage was calculated based on radio-
ctivity measured in the 58-kDa precursor and the 28-
Da cleaved product for pT7VPg-Pro-N-Pol-CAT and the
3- and 43-kDa precursors and the 38-kDa cleaved prod-
ct for pT3X-MP. B-terminal microsequencing of radiolabeled peptides
For microsequencing of the 38-kDa cleaved product
esulting from the processing of the 63- and 43-kDa
recursor products, pT3X-MP transcripts were translated
n vitro in the presence of [3H]leucine and incubated with
urified recombinant protease as described above. The
ranslation products were separated using SDS–PAGE.
he 38-kDa protein was eluted and subjected to micro-
equencing as described previously (Wang et al., 1999).
roduction of polyclonal antibodies against the
-terminal part of the movement protein and
mmunoprecipitation experiments
Polyclonal antibodies were raised against a fusion
rotein (MP-His) consisting of the C-terminal 31 kDa of
P followed by six histidines. The MP-His fusion protein
as purified from the expression products of plasmid
ET-MP essentially as described above for the recombi-
ant protease. One additional step of purification on
ickel column was performed before protein renaturation
s described by the supplier (Novagen); 1 mg of this
urified protein was used to inject rabbits intramuscu-
arly as described previously (Sanfac¸on et al., 1995).
mmunoprecipitations of [35S]methionine-labeled trans-
ation products were performed as described previously
Hans and Sanfac¸on, 1995).
ACKNOWLEDGMENTS
We thank Dr. George Haughn of the University of British Columbia for
he very generous use of laboratory space and equipment during part
f this study. We are grateful to Mr. Andrew Wieczorek for the initial
urification of recombinant active protease, to Dr. Claire Huguenot and
rs. Jenny Vermeulen for their help in the production of polyclonal
ntibodies against the movement protein, to Mrs. Joan Chisholm for
xpert technical assistance, and to Dr. Sandy Kielland of the University
f Victoria (Victoria, British Columbia, Canada) for N-terminal microse-
uencing. We would also like to thank Drs. Guus Bakkeren, D’Ann
ochon, and Joan Wellink and Mrs. Joan Chisholm for critical reading of
he manuscript. This study was supported in part by a grant from the
atural Sciences and Engineering Research Council of Canada to H.S.
REFERENCES
llaire, M., Chernia, M., Malcolm, B. A., and James, M. N. G. (1994).
Picornaviral 3C cysteine proteinases have a fold similar to chymo-
trypsin-like serine proteinases. Nature 369, 72–76.
acher, J. W., Warkentin, D., Ramsdell, D., and Hancock, J. F. (1994).
Sequence analysis of the 39 termini of RNA-1 and RNA-2 of blueberry
leaf mottle virus. Virus Res. 33, 145
artenschlager, R., Ahlborn-Laake, L., Yasarggil, K., Mous, J., and Ja-
cobsen, H. (1995). Substrate determinants for cleavage in cis and in
trans by hepatitis C virus NS3 proteinase. J. Virol. 69, 198–205.
azan, J. F., and Fletterick, R. J. (1990). Structural and catalytic models
of trypsin-like viral proteases. Semin. Virol. 1, 311–322.
ertioli, D. J., Harris, R. D., Edwards, M. L., Cooper, J. L., and Hawes,
W. S. (1991). Transgenic plant and insect cells expressing the coat
protein of arabis mosaic virus produce empty virus like particles.
J. Gen. Virol. 72, 1801–1809.lair, W. S., and Semler, B. L. (1991). Role for the P4 amino acid residue
BB
B
C
C
C
D
D
D
G
G
H
H
H
H
J
K
K
L
L
L
L
M
M
M
M
M
M
M
N
P
P
P
P
R
R
S
S
S
S
174 CARRIER, HANS, AND SANFAC¸ONin the substrate utilization by the poliovirus 3CD proteinase. J. Virol.
65, 6111–6123.
lock, V. C., Wardell, J., Jolly, C. A., Manoukian, A., Robinson, D. J.,
Edwards, M. L., and Mayo, M. A. (1992). The nucleotide sequence of
RNA-2 of raspberry ringspot nepovirus. J. Gen. Virol. 73, 2189–2194.
rault, V., Hibrand, L., Candresse, T., Le Gall, O., and Dunez, J. (1989).
Nucleotide sequence and genetic organization of Hungarian grape-
vine chrome mosaic nepovirus RNA-2. Nucleic Acids Res. 17, 7809–
7819.
uckley, B., Silva, S., and Sing, S. (1993). Nucleotide sequence and in
vitro expression of the capsid gene of tobacco ringspot virus. Virus
Res. 30, 335–349.
arrington, J. C., and Dougherty, W. G. (1987). Small nuclear inclusion
protein encoded by a plant potyvirus genome is a protease. J. Virol.
61, 2540–2548.
hambers, S. P., Prior, S. E., Barstow, D. A, and Minto, N. P. (1988). The
pMTL nic- cloning vectors. I. Improved pUC polylinker regions to
facilitate the use of sonicated DNA for nucleotide sequencing. Gene
68, 139–149.
ordingley, M. C., Callahan, P. L., Sardana, V. V., Garsky, V. M., and
Colonno, R. J. (1990). Substrate requirements of human rhinovirus 3C
protease for peptide cleavage in vitro. J. Biol. Chem. 265, 9062–9065.
emangeat, G., Hemmer, O., Reinbolt, J., Mayo, M. A., and Fritsch, C.
(1992). Virus-specific proteins in cells infected with tomato black ring
nepovirus: Evidence for proteolytic processing in vivo. J. Gen. Virol.
73, 1609–1614.
ewalt, P. G., Lawson, M. A., Colonno, R. J., and Semler, B. L. (1989).
Chimeric picornavirus polyproteins demonstrate a common 3C pro-
teinase substrate specificity. J. Virol. 63, 3444–3452.
ougherty, W. G., Carrington, J. C., Cary, S. M., and Parks, T. D. (1988).
Biochemical and mutational analysis of a plant virus polyprotein
cleavage site. EMBO J. 7, 1281–1287.
oldbach, R. W., and Wellink, J. (1996). Comoviruses: Molecular biology
and replication. In “The Plant Viruses” (B. D. Harrison and A. F.
Murant, Eds.), Vol. 5, pp. 35–75, Plenum Press.
orbalenya, A, E., Donchenko, A. P., Blinov, V. M., and Koonin, E. V.
(1989). Cysteine proteases of positive strand RNA viruses and chy-
motrypsin-like serine proteases. A distinct superfamily with a com-
mon structural fold. FEBS Lett. 243, 103–114.
anecak, R., Semler, B. L., Ariga, H., Anderson, C. W., and Wimmer, E.
(1984). Expression of cloned gene segments of poliovirus in E. coli:
Evidence for autocatalytic production of the viral protease. Cell 37,
1063–1073.
ans, F., and Sanfac¸on, H. (1995). Tomato ringspot nepovirus protease:
characterization and cleavage site specificity. J. Gen. Virol. 76, 917–
927.
ellen, C. U., Lee, C. K., and Wimmer, E. (1992). Determinants of
substrate recognition of poliovirus 2A proteinase. J. Virol. 66, 3330–
3338.
emmer, O., Grief, C., Dufourq, P., Reinbolt, J., and Fritsch, C. (1995).
Functional characterization of the proteolytic activity of the tomato
blacking nepovirus RNA-1 encoded polyprotein. Virology 206, 362–
371.
ewell, D. A., Swietnicki, W., Dunn, B. M., and Malcolm, B. A. (1992).
Hepatitis A virus 3C proteinase substrate specificity. Biochemistry 31,
7862–7869.
im, D., Hwang, D. C., Kang, B. H., Lew, J., Han, J., Song, B. D., and
Kwan, C. (1996). Effects of internal cleavages and mutations in the
C-terminal region of NIa protease of turnip mosaic potyvirus on
catalytic activity. Virology 226, 183–190.
ozak, M. (1987). An analysis of 59-noncoding sequences from 699
vertebrate messenger RNAs. Nucleic Acids Res. 15, 8125–8148.
aemmli, U. K. (1970). Cleavage of structural proteins during the as-
sembly of the head of bacteriophage T4. Nature 227, 680–685.
atvala, S., Susi, P., Kalkkinen, N., and Lehto, K. (1998). Characterization
of the coat protein gene of mite transmitted blackcurrant reversion
associated nepovirus. Virus Res. 53, 1–11.ong, A. C., Orr, D. C., Cameron, J. M., Dunn, B. M., and Kay, J. (1989).
A consensus sequence for substrate hydrolysis by rhinovirus 3C
proteinase. FEBS Lett. 258, 75–78.
oudes, A, M., Ritzenthaler, C., Pinck., M., Serghini, M. A., and Pinck, L.
(1995). The 119-kDa and 124-kDa polyproteins of arabis mosaic
nepovirus (isolate S) are encoded by two distinct RNA2 species.
J. Gen. Virol. 76, 899–906.
argis, R., and Pinck, L. (1992). Effect of site directed mutagenesis on
the presumed catalytic triad and substrate binding pocket of grape-
vine fanleaf nepovirus 24-kDa proteinase. Virology 190, 884–888.
argis, R., Ritzenthaler, C., Reinbolt, J., Pinck, M, and Pinck, L. (1993).
Genome organization of grapevine fanleaf nepovirus RNA-2 deduced
from the 122-kDa polyprotein P2 in vitro cleavage products. J. Gen.
Virol. 74, 1919–1926.
argis, R., Viry, M., Pinck, M., Bardonnet, N., and Pinck, L. (1994).
Differential proteolytic activities of precursor and mature forms of the
24 K proteinase of grapevine fanleaf nepovirus. Virology 200, 79–86.
argis, R., Viry, M., Pinck, M., and Pinck, L. (1991). Cloning and in vitro
characterization of the grapevine fanleaf virus proteinase cistron.
Virology 185, 779–787.
atthews, D., Smith, W. W., Ferre, R. A., Codon, B., Budahazi, G., Sisson,
W., Villafranca, J. E., Janson, C. A., McElroy, H. E., Gribskov, C. L., and
Worland, S. (1994). Structure of human rhinovirus 3C protease re-
veals a trypsin-like polypeptide fold, RNA-binding site, and means for
cleaving precursor polyprotein. Cell 77, 761–771.
ayo, M. A., and Robinson, D. J. (1996). Nepoviruses: molecular biology
and replication. In “The Plant Viruses” (B. D. Harrison and A. F.
Murant, Eds.), Vol. 5, pp. 139–185, Plenum Press.
osimann, S. C., Cherney, M. M., Sia, S., Plotch, S., and James, M. N. G.
(1997). Refined X-ray crystallographic structure of the poliovirus 3C
gene product. J. Mol. Biol. 273, 1032–1047
icklin, M. J., Toyoda, H., Murray, M. G., and Wimmer, E. (1986). Pro-
teolytic processing in the replication of polio and related viruses.
Bio/Technology 4, 33–34.
allai, P. V., Burkhardt, F., Skoog, M., Schreiner, K., Bax, Pl, Cohen, K. A.,
Hansen, G., Palladino, D. E. H., Harris, K. S., Nicklin, M. J., and
Wimmer, E. (1989). Cleavage of synthetic peptides by purified polio-
virus 3C proteinase. J. Biol. Chem. 264, 9738–9741.
almenberg, A. C., and Rueckert, R. R. (1982). Evidence for intramolec-
ular self-cleavage of picornaviral replicase processing enzyme. J. Vi-
rol. 41, 244–249.
eters, S. A., Voorhorst, W. G. B., Wery, J., Wellink, J., and van Kammen,
A. (1992). A regulatory role for the 32K protein in proteolytic process-
ing of cowpea mosaic virus polyproteins. Virology 191, 81–89.
inck, M., Reinbolt, J., Loudes, A. M., Le Ret, M., and Pinck, P. (1991).
Primary structure and location of genome linked protein (VPg) of
grapevine fanleaf virus. FEBS Lett. 284, 117–119.
ott, M. E., Gilchrist, A., Lee, L., and Rochon, D. M., (1995). Nucleotide
sequence of the tomato ringspot virus RNA1. J. Gen. Virol. 76, 465–
473.
ott, M, E., Tremaine, J. H., and Rochon, D. M., (1991). Nucleotide
sequence of the tomato ringspot virus RNA2. J. Gen. Virol. 72, 1505–
1515.
anfac¸on, H. (1995). Nepoviruses. In “Pathogenesis and Host Specific-
ity in Plant Disease: Histopathological, Biochemical and Molecular
Bases” (R. P. Singh, U. S. Singh and K. Kohmoto, Eds.), Vol. 3, pp.
129–141, Pergamon Press, Oxford.
anfac¸on, H., Wieczorek, A., and Hans, F. (1995). Expression of the
tomato ringspot nepovirus movement and coat proteins in proto-
plasts. J. Gen. Virol. 76, 2299–2303.
cott, N. W., Cooper, J. I., and Edwards, M. L. (1993). The identification,
cloning, and sequence analysis of the coat protein coding region of
a birch isolate (I2) of cherry leafroll nepovirus. Arch. Virol. 131,
209–215.
erghini, M. A., Fuchs, M., Pink, M., Reinbolt, J., Walter, B., and Pinck, L.
(1990). RNA-2 of grapevine fanleaf virus: Sequence analysis and coat
protein cistron location. J. Gen. Virol. 71, 1433–1441.
VW
W
W
Y
175MUTAGENESIS OF ToRSV CLEAVAGE SITESos, P., Verver, J., Jaegle, M., Wellink, J., Van Kammen, A., and Goldbach,
R. (1988). Two viral proteins involved in the proteolytic processing of
the cowpea mosaic virus polyproteins. Nucleic Acids Res. 16, 1967–
1985.
ang, A., Carrier, K., Chisholm, J., Wieczorek, A., Huguenot, C., and
Sanfac¸on, H. (1999). Proteolytic processing of tomato ringspot nepo-
virus 3C-like protease precursors: Definition of the domains for the
VPg, protease, and putative RNA-dependent RNA-polymerase.
J. Gen. Virol. 80, 799–809.ellink, J., Rezelman, G., Golbach, R., and Beyreuther, K. (1986). Deter-minants of the proteolytic processing sites in polyprotein encoded by
the bottom-component RNA of cowpea mosaic virus. J. Virol. 59,
50–58.
ieczorek, A., and Sanfac¸on, H. (1993). Characterization and subcellu-
lar localization of tomato ringspot nepovirus putative movement
protein. Virology 194, 734–742.
pma-Wong, M. F., Filman, D. J., Hogle, J. M., and Semler, B. L. (1988).
Structural domains of the poliovirus polyprotein are major determi-
nants for proteolytic at Gln-Gly pairs. J. Biol. Chem. 263, 17846–
17856.
